Abstract Cold-exposure activates interscapular brown adipose tissue (IBAT) non-shivering thermogenesis that relies primarily on intensification of metabolic rate and uncoupling. During cold-acclimation, uncoupling in IBAT decreases superoxide (O 2 Á-) production and as an adaptive response the activities of manganese and copper, zinc superoxide dismutase (Mn-and CuZn-SOD, respectively) are decreased, as well. However, molecular mechanisms governing this SODs adaptive response are still unsolved. Besides, knowing that NO reinforces IBAT uncoupling, we wondered whether nitric oxide (NO) is taking part in SODs regulation? Mn-and CuZn-SOD mRNA and protein expression, uncoupling protein 1 (UCP1), nitrotyrosine and nuclear factor-kappa B (NF-jB) immunolabeling, as well as total SOD (tSOD) activity in IBAT of rats subjected to cold (4 ± 1°C) for 1, 3, 7, 12, 21 and 45 days and treated by L-arginine or N x -nitro-L-arginine-methyl ester (L-NAME) were examined. Cold increased UCP1 immunopositivity and decreased tSOD activity during entire cold-acclimation and transiently, (day 3), activated NF-jB and increased Mn and CuZn-SOD mRNA expression and nitrotyrosine labeling, suggesting NO involvement in this signaling. However, SODs mRNA expression was decreasing from day 12 till the end of cold-acclimation.
Introduction
Interscapular brown adipose tissue (IBAT) is the main site of non-shivering thermogenesis [1] . The thermogenic capacity of IBAT relies on its high mitochondrial density and unique presence of uncoupling protein 1 (UCP1) that uncouples phosphorylation from respiration and dissipates proton gradient as heat [2, 3] . Exposure of animals to cold activates IBAT thermogenic program [4] , a complex process consisting of a series of molecular, biochemical and structural tissue changes that recruit a large capacity for tissue oxidative metabolism increase and heat production. However, increase in tissue metabolic activity unavoidably leads to generation of reactive oxygen and nitrogen species (ROS and RNS, respectively), well known mediators of several forms of tissue damage. Cellular homeostasis in these conditions is maintained by an almost perfect match in the tissue antioxidative defense (AD) [5] [6] [7] [8] [9] [10] . In addition, we have recently shown that the changes in AD occurring during cold-acclimation should be observed as a part of newly established IBAT homeostasis that characterizes intensive oxidative metabolism, uncoupling, lipolysis and decreased rate of apoptosis [9] [10] [11] . Therefore, shown decrease in manganese and copper, zinc superoxide dismutase (Mn-and CuZn-SOD, respectively, EC 1.15.1.1) activity in rats kept at cold for 45 days, accompanied by an increased UCP1 expression, was explained as adaptive response of enzymatic activities on decreased superoxide (O 2 Á-) production by uncoupling [9] . However, with the exception of the data on acute cold-exposure [12] , the results on molecular mechanisms involving this SODs adaptation are still lacking. Precisely, it is unknown how SODs expression, in terms of protein and mRNA level, changes during various periods of acclimation to cold. On the other hand, it has been shown that reactive species first of all nitric oxide (NO) and O 2 Á-also participate in numerous redox-sensitive pathways that regulate different IBAT functions [9, 11, [13] [14] [15] . NO has been reported to regulate tissue blood flow [16] , proliferation and differentiation of brown adipocytes, apoptosis [9] , capillary remodeling [11] and mitochondriogenesis [13, 15] . It regulates some of these pathways directly, but the targeting of some NO effects in IBAT has been found to be mediated by O 2 Á-and glutathione [10, 13, 14] . Thus, the enzymes involved in reactive species metabolism became an essential component of redox signaling, tightly regulating and targeting ROS and RNS production, which is crucial for their effects. Nevertheless, despite the vast knowledge on the role NO plays in IBAT thermogenesis, there is still no data on possible effects of NO on both Mn-and CuZn-SOD mRNA and protein expression, especially during transition to the new tissue homeostatic state, i.e. in multiple stages of acclimation to cold.
Because of all aforementioned facts, we performed this time-course study to gain a better insight into the regulatory molecular mechanisms underlying SODs activity adaptation during cold-exposure by examining Mn-and CuZn-SOD mRNA and protein content in IBAT of rats kept at cold for different time periods. A special attention has been paid to a possible influence of NO on coldinduced expressional profiles of IBAT SOD isoforms. For this purpose, adult male rats kept at room temperature, or exposed to cold for 1, 3, 7, 12, 21 and 45 days and receiving NO-manipulating agents L-arginine or N x -nitro-L-arginine methyl ester (L-NAME) as drinking liquids were used. Changes in Mn-and CuZn-SOD mRNA and protein level, total SOD (tSOD) activity, UCP1 and nitrotyrosine immunopositivity and activation of nuclear factor-jB (NF-jB), a potential mediator of NO effects, were assessed.
Materials and Methods

Animals
The experimental protocol was approved by the Ethical Committee for the Treatment of Experimental Animals of the Institute for Biological Research, Belgrade. Mill Hill hybrid hooded, 4-month-old rat (Rattus norvegicus Berkenhout 1769) males were divided into two main groups: a control group, kept at room temperature (22 ± 1°C) for the duration of the experiment, and the second group, maintained at cold (4 ± 1°C). Cold-acclimated group was divided into three subgroups: (1) untreated; (2) L-argininetreated and (3) L-NAME-treated. Drugs were administered as drinking liquids, containing 2.25% solution of L-arginineÁHCl, i.e. 0.01% L-NAMEÁHCl in tap water, as described earlier [9, 11] . The rats were housed in individual plastic cages with drinking liquids and food ad libitum. The duration of cold-exposure ranged from 1 to 45 days (1, 3, 7, 12, 21 and 45 days), with six animals per experimental group. The animals were killed at each experimental point by decapitation, and the IBAT was harvested and quickly cut into halves on an ice bath. Approximately one half of the tissue was snap-frozen in liquid nitrogen and stored at -80°C until subsequent RNA extraction and western blotting. The remaining IBAT part was used for immunohistochemistry and total SOD activity determination. For immunohistochemical examination, fresh tissue was immediately fixed in neutral buffered formalin and subjected to light microscopy. For SOD activity determination, tissue samples were homogenized (a Janke and Kunkel Ka/Werke Ultra/Turrax homogenizer) at 0-4°C in 0.25 M sucrose, 0.1 mM EDTA and 50 mM Tris buffer, pH 7.4 and sonicated.
RNA extraction and semi-quantitative RT-PCR Total RNA was prepared from 100 mg of isolated IBAT using TRIzol (Invitrogen, Life Technologies, CA, USA) and one microgram of total RNA was reverse transcribed to cDNA using an iScript TM cDNA synthesis kit (Bio Rad Laboratories, USA) according to manufacturer's instructions.
PCR reaction was performed on a thermal cycler (Perkin Elmer Gene Amp PCR System 2004) as done previously [17] . The sequences and cycle protocols for used primers are listed in Table 1 . Band intensities were quantified by Gel Doc XM System (Bio Rad Laboratories, USA) equipped with Quantity One Ò software (Software for Bio Rad's Image Analysis system, Version 4.6.0). Expression of transcripts was calculated as the ratio of intensities of genes and 18S rRNA house-keeping gene, used as an internal control. The results were expressed in percentages in relation to control values taken as 100%.
SDS-PAGE and western blotting
Western blot was done as described previously [9, 11] using mouse monoclonal antibody against Mn-SOD (1:1000, Chemicon International Inc., Temecula, CA, USA) and rabbit polyclonal antibody against CuZn-SOD (1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Protein concentrations are expressed relative to the control acclimated to room temperature taken as 100%. Quantitative analysis of immunoreactive bands was done by ImageQuant software. Volume is the sum of all the pixel intensities within a band; 1 pixel = 0.007744 mm 2 .
Immunohistochemistry
Five-lm-thick sections were immunostained with the avidin-biotin-peroxidase method, as described previously [9] . Primary antibodies were anti-nitrotyrosine, anti-UCP1 (1:200 and 1:300 Abcam, Cambridge, UK, respectively) and anti-NF-jB (1:200, v/v Upstate, USA). The specificity of the immune reaction was tested by replacing primary antibody with a non-immune rabbit serum or by incubating the sections with the secondary antibody alone.
Activity of superoxide dismutase
Total SOD activity was examined [18] and enzymatic activity expressed in U mg -1 protein. SOD units were defined as the amount of the enzyme inhibiting epinephrine oxidation by 50% under the appropriate reaction conditions.
Other assays and statistics
Protein content was estimated using bovine serum albumin as a reference [19] . Analysis of variance (ANOVA) was used for within-group comparison of the data. If the F test showed an overall difference, Tukey's test was applied to evaluate significance of the differences. Statistical significance was accepted at P \ 0.05.
Results
Changes in Mn-SOD and CuZn-SOD mRNA content in rats kept at low temperature and treated with L-arginine or L-NAME are depicted in Fig. 1 . As seen from Fig. 1a, Mn-SOD mRNA level in untreated rats was decreased on day 1, increased on day 3 (P \ 0.001), while on day 7 was at control level to decline from day 12 to 45 below control (P \ 0.001). In L-arginine-treated group, Mn-SOD transcript amount was higher than that of the control on days 3 and 7 of cold-acclimation (P \ 0.001), but below the control in all remaining experimental time points (Fig. 1b) . Concomitantly, Mn-SOD mRNA level was higher on days 1, 3, 7 and 45 in relation to untreated group. In L-NAMEtreated group (Fig. 1c) abundance of Mn-SOD transcript was higher than in the control only on day 3 (P \ 0.01) to be decreased below control in all remaining time points (P \ 0.001). Compared to untreated group, Mn-SOD mRNA level in L-NAME-treated group was lower from day 3 to day 21 of cold-acclimation. Similarly, CuZn-SOD mRNA amount in untreated rats was below control (P \ 0.05) on day one of cold-acclimation (Fig. 1d) , while on day 3 it was higher than the control (P \ 0.001). Further, on day 7, CuZn-SOD mRNA amount was at the control level and from day 12 to day 45 was below control value (P \ 0.001). In L-arginine-treated group, CuZn-SOD mRNA level (Fig. 1e ) was higher compared with the control from day 3 to day 7 of cold-acclimation, while lower mRNA amount in relation to the control was detected no sooner than on day 45 (P \ 0.01). Also, comparing with the value found in untreated group, the amount of CuZn-SOD transcript in L-arginine-treated group was higher from day 3 to day 45. In L-NAME-treated group, CuZn-SOD mRNA amount was higher than the control on day 3 (P \ 0.05) of cold-acclimation, while being below control in all remaining experimental time points (Fig. 1f) . Also, CuZn-SOD mRNA level in L-NAME-treated rats was lower on days 1 and 7 when compared with untreated group. Time-dependent changes in Mn-SOD and CuZn-SOD protein content are depicted in Fig. 2 . In all groups kept at cold, Mn-SOD protein level was lower in comparison with the control during the entire acclimation period, except on day 3 when its increased expression was observed in untreated group (Fig. 2a) and on day one in L-NAMEtreated group (Fig. 2c) when its expression was at the control level. Compared with untreated group, L-arginine decreased (Fig. 2b) , while L-NAME increased Mn-SOD protein content in all experimental time points, except on day 3 (Fig. 2c) . It can be seen also, that neither cold nor L-arginine and L-NAME treatments affected CuZn-SOD protein expression (Figs. 2d, e, f, respectively) .
Alterations in tSOD activity in IBAT showed that during the whole period of acclimation to cold, tSOD activity was decreased in both untreated and L-arginine-treated animals, compared with the control (Fig. 3) . However, tSOD activity in L-NAME-treated rats was decreased from day 1 to day 12 of acclimation, it was at the control level on day 21, to become significantly increased on day 45 in relation to the control (P \ 0.001). Besides, tSOD activity in L-NAME-treated group was higher on days 21 and 45 than those detected in untreated group in the same time points.
Immunohistochemical detection of UCP1 is presented in Fig. 4 . In control group, a weak cytoplasmic immunoreaction of UCP1 was detected. In untreated groups, already after one day of exposure to cold, markedly increased UCP1 immunopositivity was observed and the immunoreaction reached the maximum on day 3 of cold-acclimation. Later on, during the acclimation to cold, UCP1 immunopositivity was continuously weakening to become equal to the control (Fig. 1a, d, respectively) , L-arginine- (Fig. 1b, e, respectively) and L-NAME-treated (Fig. 1c, f, no sooner than on day 45. In addition to cold, L-arginine acted increasingly on UCP1 immunopositivity. Namely, a stronger UCP1 immunoreaction in relation to the control was recorded throughout the entire 45-day-period of coldacclimation, and these immunopositivities were stronger than those of untreated group. In L-NAME treated rats stronger than control, UCP1 immunopositivity was detected from day 1 to day 12. However, these immunoreactions were weaker in relation to those observed in untreated group in the same experimental time points of cold-acclimation.
NF-jB immunolabeling in IBAT is shown in Fig. 5 . NF-jB nuclear translocation, which represents its activation, was detected on day 3 of cold-acclimation in untreated group and on days 3 and 7 in L-arginine-treated animals. However, no NF-jB immunolabeling in brown adipocyte nuclei of L-NAME treated rats was recorded.
Immunohistochemical detection of nitrotyrosine in IBAT is presented in Fig. 6 . In control rats, a weak cytoplasmic immunoreaction of nitrotyrosine, also present in a few nuclei, was detected. In untreated rats, nitrotyrosine was labeled only on day 3 of acclimation to cold. In L-argininetreated animals, nitrotyrosine immunopositivity was observed on days 3 and 7, while in L-NAME-treated group it was not detected during the entire cold-acclimation period.
Discussion
The data obtained throughout the present work showed that cold, as an indispensable part of IBAT thermogenic (Fig. 3a, d , respectively), L-arginine- (Fig. 3b, e, respectively) and L-NAME-treated (Fig. 3c, f, program, increased UCP1 immunopositivity in untreated rats during the entire 45-day-acclimation period. In line with this and the fact that uncoupling acts decreasing production of O 2 Á-in IBAT mitochondria [20, 21] , decreased tSOD activity during the entire examined acclimation period was observed. Similarly, one-day-cold-exposure decreased both Mn-and CuZn-SOD mRNA expression. This is in line with Niakao et al. [12] who have shown that acute cold exposure rapidly decreased mRNA level of all SOD isoforms. However, on day 3 of cold-acclimation, both Mn-and CuZn-SOD transcripts were higher than the control and this was followed by restitution of their expression at control level on day 7 and a decrease below control until the end of experimental period. This SODs transcriptional activation is in Fig. 4 Immunohistochemical UCP1 detection in IBAT of untreated, L-arginine-and L-NAME-treated rats acclimated to cold. Immunohistochemical detection of UCP1 was performed using specific antibody against UCP1. Magnification: 940, orig. Scale bars-20 lm accordance with our recent data demonstrating maximal transcriptional activation of IBAT thermogenic genes, leading to tissue metabolic adaptation on day 3 of coldacclimation [22] . These results clearly reflect intensification of IBAT synthetic processes and metabolic rate oriented to preserve thermal homeostasis. During that time, IBAT O 2 consumption can increase tremendously, which could transiently increase ROS production and activate AD. Accordingly, activation of NF-jB was recorded here on day 3 of cold-acclimation, clearly confirming above hypothesized tissue redox perturbations. Namely, NF-jB is the major redox sensitive factor shown to activate gene expression of a number of antioxidative enzymes [23] .
Therefore, it could be involved in the activation of SODs transcription observed in the present study. Besides, we have shown recently that NO participates in the activation of IBAT thermogenic gene expression during cold-acclimation [24] . Thus, we have examined here IBAT Fig. 6 Immunohistochemical detection of nitrotyrosine in IBAT of untreated, L-arginineand L-NAME-treated rats exposed to different time periods of cold. Immunohistochemical detection of nitrotyrosine was performed using specific antibody against nitrotyrosine. Magnification: 940, orig. Scale bars-20 lm appearance of nitrotyrosine, a redox signaling component that mediates a variety of NO actions [25, 26] . The data showed that time-course of SODs transcriptional activation correlates well with nitrotyrosine immunopositivity increase, suggesting NO involvement in this signaling. However, it has been shown that during the time of exposure to cold, the rate of uncoupling increases and consequently, mitochondrial production of O 2 Á-decreases [21, 27] . Accordingly, after transient activation of SODs transcription on day 3, their mRNA expression was decreased and remained below control value until the end of cold-acclimation. Thus, a prolonged decrease in the abundance of Mn-and CuZn-SOD transcripts observed here strongly indicates that previously shown adaptive decrease in SODs activities on uncoupling-decreased O 2 Á-production [10, 11] is achieved already at the level of their transcription.
On the other hand, in most tissues examined, coldinduced changes in the SOD isoenzyme mRNA levels appeared not to be concomitant with those in the protein levels as reported by Niakao et al. [12] . These authors emphasized that this is particularly accurate in IBAT in which acute cold-exposure rapidly decreased expression of all SOD isoforms without any alteration in the amount of the enzymatic proteins. This is in accordance with our results on the changes of CuZn-SOD expression demonstrating that neither low temperature nor either of the applied treatments affected protein expression of this enzyme. However, changes in Mn-SOD protein expression were in line with the changes in mRNA expression of untreated rats during acclimation to cold. These data support the fact that CuZn-SOD is a highly stable protein [25] and the data revealing Mn-SOD more inducible than CuZn-SOD in conditions of metabolic turnover [28, 29] .
The observed different response of Mn-and CuZn-SOD mRNA and protein levels during cold-acclimation appears to depend on their different subcellular localization. Namely, Mn-SOD is compartmentalized in the mitochondria, whereas CuZn-SOD mainly occurs in the cytosol [15] . Thus, the changes in Mn-SOD protein expression reflect the state in these compartments and the observed decrease could be explained by adaptive response of the enzyme on decreased production of O 2 Á-by an intense uncoupling.
Compared with cold, treatment with L-arginine, a substrate for NO synthesis, augmented and prolonged period of increased Mn-and CuZn-SOD mRNA expression, as well as UCP1 immunolabeling, while L-NAME markedly attenuated mRNA expression of both SOD isoforms and decreased UCP1 immunopositivity. Such opposite effects of L-arginine and L-NAME strongly indicate that stimulatory effects of L-arginine, could be, at least in part, mediated by NO. Further support of this hypothesis is provided by the results on immunohistochemical staining of nitrotyrosine that was higher than the control on day 3 and day 7 of cold-acclimation. Stimulatory effect of NO on UCP1 appearance in IBAT is in line with our previous data showing induction of UCP1 protein expression by NO [10] . On the other hand, induction of Mn-and CuZn-SOD transcription by L-arginine strongly suggests that NO activates IBAT SODs transcription and agrees well with the results of other authors obtained both in vitro [30] and in vivo [31, 32] and showing that both SOD isoforms contain NO-binding sites and that their transcription could be up-regulated by NO. In addition, Mn-SOD gene promoter contains NF-jB binding site and represents one of key targets for NF-jB signaling [33] . Accordingly, nuclear localization of P65 NF-jB subunit, which signals its activation, was detected in the present study from day 3 to day 7 of L-arginine treatment. Considering that NO can up-regulate NF-jB [34, 35] , it could be supposed that the observed stimulatory effect of NO on Mn-SOD expression might also be mediated by NF-jB activation. However, precise mechanisms involved in the regulation of IBAT SODs mRNA expression by NO remain to be elucidated.
As already stated, in accordance with tissue active-, i.e. thermogenic-state characterized by an intensive uncoupling, Mn-SOD protein expression was generally decreased in all groups during the acclimation to cold, except on day 3 in untreated and day one in L-NAME-treated animals. The same holds true for tSOD activity decrease and UCP1 labeling increase observed throughout this work during the entire period of acclimation to cold. However, the values of Mn-SOD protein expression were lower in L-argininetreated group in each time-point of cold-acclimation, in relation to those detected in untreated rats. This result is in line with our previous data showing stimulatory effect of NO on cold-induced increase of UCP1 protein expression [10] and mitochondriogenesis [13] . Thus, this might reflect enzymatic response at protein level on NO-induced increase of uncoupling and thermogenic capacity. In addition, an assumed decrease in O 2 Á-availability could be the consequence of its interaction with NO. These molecules are rapidly reacting with the threefold higher rate constant than that of dismutation reaction catalyzed by SOD [36] . In this context, NO may act as O 2 Á-scavenger, thus decreasing its concentration. Interaction of these redox molecules leads to the formation of peroxynitrite [37] , RNS that takes part in NO cGMP-independent signaling and mediates variety of NO actions, such as induction of Mn-SOD gene expression without concomitant response in the protein level [22, 38] . Precisely, alongside with stimulatory effect of peroxynitrite on Mn-SOD transcription, it inactivates Mn-SOD via nitration causing either a decrease of its activity or its protein level [38] . In vivo effects of peroxynitrite are possible to observe by nitrotyrosine formation [39] [40] [41] . So, nitrotyrosine appearance detected here in L-arginine-treated group on day 3 and 7 of cold-acclimation, accompanied by Mn-SOD mRNA expression increase and its protein expression decrease, indicate that peroxynitrite could play a role in the regulation of IBAT Mn-SOD mRNA and protein expression. In general, the results of the present study corroborate and extend our earlier findings demonstrating that adaptive decrease in SODs activity on uncoupling-decreased O 2 Á-production is achieved already at the level of gene transcription. Our data also clearly demonstrated that besides regulating various IBAT functions, NO is implicated in the regulation of IBAT SOD isoforms, while differentially affecting mRNA, protein content and SODs activities. Furthermore, NO increases tissue thermogenic capacity in thermogenically active IBAT, through increased UCP1 expression and uncoupling. Thus, it seems likely that primary effect of NO on IBAT during cold-acclimation is to reinforce tissue thermogenic capacity and that during this acting NO indirectly modulates the response of IBAT SOD isoforms.
